Newcastle disease virus (NDV), a paramyxovirus, possesses an inner nucleocapsid surrounded by a lipoprotein envelope derived, in part, from the host cell. That NDV and related myxoviruses acquire structural material from the host cells in which they are propagated is well established from serological studies (11, 21) , electron microscope observations (17) , and chemical analyses of similarities in host membrane and viral envelope material (5, 8, 9, 10) . This intimate association of host membrane components with virus has been suggested as an explanation for various changes (e.g., plaque morphology, density) observed in NDV when grown in different host cells (2, 3, 22) .
We have shown that host components in the NDV envelope influence the induction of early polykaryocytosis, a phenomenon related to the initial stages of NDV infection (24) . In the present study, an attempt was made to examine the early interaction of NDV propagated in chicken and human cells with their respective host cells, and to determine whether the previous virus host influenced the infectious process.
MATERIALS AND METHODS
Cells. HeLa cells, obtained from W. A. Cassel, were grown in Eagle minimal essential medium (MEM) containing 5% calf serum. Chicken embryo fibroblasts (CEF) were prepared from 10-day-old embryos by conventional procedures (18) ; MEM was used as growth medium. For the experiments and assays to be described, secondary cultures of CEF were used.
Viruses. The OS strain of NDV (1) 24 h at 37 C was designated NDV-H. The ratio of infectivity to hemagglutinating units was the same for both virus stocks. The density of NDV-C and NDV-H was determined by equilibrium sedimentation in CsCl and found to be 1.18 and 1.25 g/ml, respectively (24) .
Virus suspensions utilized in certain experiments were dialyzed against several changes of distilled water at 4 C for 24 h. This procedure effectively removed most of the ions present in the original suspension as indicated in Results. There was no decrease in virus infectivity after dialysis.
Virus purification. Virus was precipitated from fluids by the addition of solid polyethylene glycol (Carbowax 6000) to a final concentration of 6% (wt/vol) (14) . The virus was suspended in water and banded in a preformed gradient of 2 to 45% potassium tartrate (13 before the number of hemadsorption foci were counted. A solid overlay consisting of equal parts of 1.8% agar (Difco) and twice-concentrated MEM with 5% calf serum (final concentration in overlay mixture) was used in assays on CEF. Titrations on CEF were incubated at 37 C for 48 h prior to determining the number of HFU. A 60-min adsorption period was used in both assay procedures. The hemadsorption method allows better definition of an infectious center or plaque than do conventional staining procedures. All virus titers are expressed in terms of HFU.
Experimental procedure. Two methods were employed to study infection of cell monolayers by NDV. (i) In the first approach the appearance of hemadsorption foci after various intervals of contact between virus and cells was studied. Virus (0.2 ml) was added to cell monolayers in 60-mm plastic dishes and allowed to adsorb for a suitable period of time. The interaction was stopped by the addition of 2.0 ml of MEM to each dish. This medium was quickly removed and replaced with 5.0 ml of fresh MEM (for HeLa cells) or 5.0 ml of agar overlay mixture (for CEF). The cultures were incubated at 37 C, and the number of HFU was counted at 24 h (HeLa cells) or 48 h (CEF). (ii) The disappearance of virus from the inoculum was used as a measure of virus attachment to cell monolayers. Virus (0.2 ml) was added to each culture. At various intervals, 0.1 ml of the supernatant fluid was removed from the dish and then diluted appropriately. Unattached virus in the supernatant fluid was assayed on a second set of cultures as described above.
RESULTS
Adsorption of NDV in various media. Experiments were performed to compare the adsorption of NDV to HeLa cells in several media. Dialyzed virus suspensions were diluted in MEM, 0.25 M sucrose, and 0.25 M sucrose containing NaCl or CaCl2. The diluted virus was allowed to adsorb to cell monolayers previously washed with the above diluents. After a 60-min adsorption period at 37 C the unadsorbed virus was removed and fresh MEM was added to all dishes. The results are shown in Table 1 . It is evident that efficient adsorption of NDV did not occur in sucrose. Addition of CaCl2 and NaCl greatly facilitated attachment, confirming the observation that ions are necessary for the initial interaction of NDV with cells (12) . In our experiments, MEM was found to be a better adsorption medium than the other diluents. Both NDV-C and NDV-H behaved similarly with respect to adsorption in the various diluents. The MEM was also found to be superior to PBS as an adsorption medium (unpublished observations).
Effect of adsorption temperature on NDV infection of HeLa cells. Infection of either HeLa cell or CEF monolayers with NDV results in the formation of discrete foci of hemadsorbing cells. The number of such foci in HeLa cells as a function of adsorption temperature at various time periods is presented in Fig. 1 . All data were normalized to the 60-min point, i.e., the 60-min value was taken as 100%. The absolute amounts of virus added to cell monolayers were similar for all experiments and usually fell within the range of 100 to 200 HFU per dish. The ability of NDV-C and NDV-H to initiate focus formation on HeLa cells proceeded at the same rate at 37 C. At lower temperatures NDV-H infected HeLa cells more readily than did NDV-C. The relationship between adsorption temperature and HFU is illustrated in Fig. 2 in which 60 -min values from several experiments are plotted. It is evident that NDV-C initiates infection of HeLa cells poorly at the lower adsorption temperatures.
The relationship between the appearance of hemadsorption foci in HeLa cells and the disappearance of virus from the supernatant at 37 C is presented in Fig. 3 . As expected, the amount of unattached virus decreased with time, and the number of HFU increased in a nearly reciprocal fashion. Further, NDV-C and NDV-H did not differ at this temperature. Since the number of hemadsorption foci formed by NDV-C at an adsorption temperature of 22 C was much less than for NDV-H, we examined the rate of removal of virus from the supernatant at this temperature (Fig. 4, left) . It is clear that the rate of virus attachment to HeLa cells at 22 C is the same for NDV-C and NDV-H. It is also noteworthy that the rate of attachment of NDV-C and NDV-H at 22 or 37 C is not significantly different (Fig. 4, right) . It would appear, therefore, that NDV-C and NDV-H attach to HeLa cells at the same rate but the ability of NDV-C to complete the infectious cycle is impaired.
The medium in which NDV was frozen had no effect on the behavior of the virus. When NDV-C was frozen in HeLa cell extracts the number of HFU was not increased on HeLa cell monolayers at a 22 C adsorption temperature (Table 2 ). Similarly, NDV-H frozen in allantoic fluid did not display a decrease in HFU under the same adsorption conditions. If the suspending media were influencing the differences in HFU observed at 22 C, this experiment should have revealed this. Further support that the initial suspending medium is not involved is presented later.
Effect of adsorption temperature on NDV infection of CEF. The data presented thus far suggest that NDV-H infects HeLa cells more The relationship between adsorption temperature and HFU on CEF is plotted in Fig. 5 . Again, 60-min values are plotted with the 37 C values taken as 100%. The results indicate a relationship identical to that shown in Fig. 2 in that the homologous virus infects its host cell more readily than the heterologous virus. In this case, NDV-C was able to initiate focus formation more readily than NDV-H. In an attempt to eliminate the possibility that components in the medium were responsible for the effects described, the same experiment was performed with purified NDV-C and NDV-H. The results shown in Fig. 6 are identical with those for unpurified stock virus. DISCUSSION The entry of enveloped viruses into susceptible cells is thought to occur either by an engulfment process ("viropexis") in which the virus is enclosed in a portion of the cell membrane and is subsequently transported to the interior of the cell (4, 19, 20) , or by a process of membrane interaction in which the envelope of the virus fuses into the cellular membrane with resulting liberation of the nucleocapsid (6, 7, 15, 16) . It is probable that both processes are operative. Homologous or heterologous cell components in the viral envelope could influence these entry mechanisms.
The data suggest that the cell on which NDV is grown can influence the early stages of virus infection. NDV suspensions from different hosts appear to infect cells with the same facility at 37 C. When virus attaches at lower temperatures, however, subsequent events leading to fruitful infection do not occur as readily with virus propagated on a heterologous host cell. The results are apparently not due to differences in attachment of virus to cells since the amount of NDV removed from the supernatant was the same for both viruses at 37 C or 22 C. It is known that attachment of NDV to cells is not temperature dependent (12) . It is unlikely that events after entry are involved since all cultures were incubated at 37 C after the adsorption period.
If the uptake of NDV by cells occurs only by phagocytosis, the kinetics of entry of NDV-C and NDV-H should be similar at a given temperature. Less uptake of both viruses would be expected at 22 C, a temperature at which phagocytosis is decreased. The inefficiency of "heterologous" virus entry at the lower adsorption temperature (22 C) suggests that phagocytosis may not be the only process operative. It is possible that the interaction of NDV with its homologous host cell may be more favorable for fusion of the viral envelope with the cell membrane because of similarities in lipid composition (9, 23) . When homologous NDV interacts
